In this paper, seven permeability stress sensitivity experiments were conducted to show the features of permeability stress sensitivity. The 
INTRODUCTION
Stress sensitivity of petroleum reservoir is that the petrophysical parameters change when the effective stress acting on it changes. Permeability stress sensitivity affects petroleum development significantly. The development of stress sensitivity research has experienced the following stages. Terzaghi (1943) studied the flow behavior in the saturated deformable medium and came up with the concept of effective stress in (1) which is the foundations of the stress sensitivity.
where σ eff is the effective stress sensitivity; MPa σ is overlying pressure; MPa p is the formation pressure, MPa. Latchie et al. (1958) conducted the stress sensitivity experiments with the cores whose permeability ranged from 3 to 102 mD and studied the relation of K i / K o vs σ eff . The fluid in the experiments is oil. It was found that the irreversible reduction for permeability was 4% in the high permeability cores while that reached up to 60% in the low permeability cores. This indicates that elastic and plastic strain both exit. Fatt (1958) conducted the stress sensitivity experiments of porosity and permeability with the cores whose permeability ranged from 3 to 630 mD. The fluid in the experiments is gas. When the confining pressure was 34 MPa, the porosity and permeability reduction were 5 and 25%, respectively. According to the experiment's results, he concluded that the porosity stress sensitivity could be neglected while that of permeability could not in site. Jones (1988) conducted gas stress sensitivity experiments with the two-point method to study the relation of permeability and porosity vs net confining stress. The cores' permeability in the experiments ranged from 10 to 700 mD. Jose (1997) found the gas permeability reduction increase to 90% in the tight gas reservoir when the cores were compressed. Ruilan et al. (2007) conducted gas permeability stress sensitivity experiments to evaluate the stress sensitivity of tight gas reservoirs. The cores' Klinkenberg permeability in the experiments ranged from 0.1 to 3 mD. She came up with a new coefficient (2) to describe the permeability reduction in permeability stress sensitivity.
( 2) where s p is the stress sensitivity coefficient; K min is the permeability when the effective stress is σ max , mD; K o is the permeability when the effective stress is σ o , mD; σ max is the maximal effective stress and MPa σ o is the initial effective stress, MPa. Junchang et al. (2013) compared the differences of the stress sensitivity features measured by gas, water and oil and explained the differences from the aspect of wettability. Recently, tight oil reservoirs whose permeability is less than 0.1 mD is the hot topic discuss worldwide. However, existing researches focus on the permeability stress sensitivity in low-permeability reservoirs and conventional reservoirs. Permeability of low-permeability reservoirs and conventional reservoirs is larger than 0.1 mD. In addition, existing studies focus on the permeability's effect on the features of permeability stress sensitivity. However, the differences of micro pore-throat features in tight oil reservoirs with the same permeability are great. This leads to its effect on permeability stress sensitivity which is great. However, no existing studies are focusing on it. As a result, the features and mechanism of permeability stress sensitivity in tight oil reservoirs are still unknown. This will result in a rapid production reduction. In this paper, seven permeability stress sensitivity experiments were conducted to show and compare the features of permeability stress sensitivity measured by different fluids. The cores in the experiments were taken from the tight oil reservoir in Ordos Basin. Then advanced technologies, such as casting thin section, scanning electron microscope and rate-controlled mercury penetration, were applied to explain the mechanism of permeability stress sensitivity in tight oil reservoirs. Fatt and Davis (1952) and Fatt (1958) found that the permeability stress sensitivity is far more serious than that of porosity. Therefore, this paper focuses on permeability stress sensitivity. The cores used in the experiments were taken from the Member 7 tight oil reservoir, Yanchang Formation, Ordos Basin. The basic parameters are shown in Table 1 . It is known from Table 1 that the permeability of the cores from the tight oil reservoir is ultra low. Table 2 is the basic parameters of the Member 7 tight oil reservoir, Yanchang Formation, Ordos Basin. From Table 2 , it is known that the average density of the rock is . Baohong et al. (2012) found that the average formation fluid density is 1 g/ cm 3 . According to equation (3), the overlying rock pressure is calculated to be 42 MPa and the formation pressure is 18 MPa, with 24 MPa initial effective stresses. An ISCO pump imported from America was used to provide pressure. The fluids used in the experiments were nitrogen and kerosene, respectively. This is because kerosene could avoid the permeability reduction resulted from water sensitivity. The lather flow meter and the metering capillary tube were used to measure the flow rate of nitrogen and kerosene.
MATERIALS
where p is pressure, 10 -3 MPa; ρ is density, g/cm 3 ; g is gravitational acceleration, m/s 2 ; and h is depth, m.
METHODS GAS PERMEABILITY STRESS SENSITIVITY EXPERIMENTS
Because the initial formation pressure (18 MPa) exceeds the maximal pressure of the pressure reducing valve on the nitrogen cylinder, the displacement pressure had to stay constant and the confining pressure changed to adjust the effective stress. Because advanced water injection technology is widely applied in the tight oil reservoirs. This leads to a higher formation pressure and a lower effective stress. Therefore, the confining pressure was finally determined to be 18 MPa. The displacement pressure was 4 MPa and the back pressure was 2 MPa. The formation pressure is the average value of displacement pressure and back pressure, 3 MPa. The effective stress equals the confining pressure minus formation pressure, 15 MPa. Then the confining pressure was adjusted to 23, 28, 33, 38, 33, 28, 23, 18 MPa successively. The experimental facility can be seen in Figure 1 . The stabilization time was 30 min.
LIQUID PERMEABILITY STRESS SENSITIVITY EXPERIMENTS
In order to simulate the development of the tight oil reservoir, the confining pressure had to stay constant and formation pressure changed to adjust the effective stress. This is because the confining pressure simulates overlying rock pressure. It is the same with gas permeability stress sensitivity experiments. The confining pressure, the displacement pressure and the back pressure were 40, 30 and 20 MPa, respectively. The initial formation pressure was 25 MPa and the initial effective stress was 15 MPa. Then the displacement pressure changed to 25, 20, 15, 10, 15, 20, 25, 30 MPa and the back pressure changed to 15, 10, 5, 0, 5, 10, 15, 20 MPa. The experimental facility can be seen in Figure 1 . The stabilization time was 24 h.
RESULTS AND DISCUSSION
The permeability reduction (R ed ) and recovery (R ec ) are the evaluation indexes of permeability stress sensitivity.
where R ed is the permeability reduction; 1 is the original relative permeability, because the denominator of relative permeability is original permeability, when the effective stress is the original, the original relative permeability is 1; K rmin is the relative permeability when the effective stress is the maximum; R ec is the permeability recovery; and K' is the relative permeability when effective stress decreases to the minimum. Figure 2 shows the gas permeability stress sensitivity (GSS) experimental results. It was found that as permeability becomes lower, R ed and R ec both becomes larger. Permeability is the reflection of throats, so the strain of throats is the nature of stress sensitivity. The diameter of nitrogen molecules is 0.304 nm. It is so small that all throats can be fit in. Therefore, GSS can reflect the strain of all throats. Because GSS is a single phase flow behavior, capillary pressure is neglected. Permeability is derived (8) according to Darcy Equation (6) and Poiseuille Equation (7). (6) FIGURE 1. Schematic of stress sensitivity experimental facility (7) (8) where Q is flow rate of core, 10 -6 m 3 /s; K is permeability, mD; A is sectional area, m 2 ; ∇p is the pressure gradient, MPa/m; μ is the viscosity, mPa.s; r max is the maximal throat radius, μm; r min is the minimal throat radius, μm; and r i is the throat radius, μm.
GAS PERMEABILITY STRESS SENSITIVITY EXPERIMENTS
When the throat is acted by effective stress, it is assumed that the compressive degree is c. Then permeability when acted by effective stress is obtained by substituting c into (7). (8) where K' is permeability of core when acted by the effective stress, mD; c i is compressive degree of throat whose radius is r i , dimensionless.
According to (7) and (8), R ed is derived (9). (9) where is permeability contribution of throats whose radius is r i , dimensionless.
From (9) it is known that the contribution to permeability and compressive degree affects R ed significantly. The function of second cement of ferrocalcite and secondary enlargement of quartz reduces the throat radius ( Figure  3 ). But due to the support of ferrocalcite and quartz, the absolute strain of tinier throats is smaller than that of larger throats with the same effective stress. However, the relative strain of tinier throats is larger. Therefore, larger throats are easier to be compressed when acted by the effective stress and they contribute more to permeability. That is the reason that permeability decreases fast at first and then becomes slow. As permeability decreases, the permeability contribution and relative strain of tinier throats becomes larger (Figure 4) . Therefore, R ed is larger when the permeability is lower.
Because the rock compositions of tiny throats and large ones are the same, they have the same elastic limits. As the absolute strain of the larger throats is larger, they reach the elastic limit first and generate plastic strain. Therefore, when the effective stress decreases, the tinier throats have the larger recovery. Figure 4 is the results of three ratecontrolled mercury penetration experiments. From Figure  4 it is found that the permeability contribution of tinier throats increases as the permeability decreases. Therefore, the permeability recovery increases as permeability decreases. (2011) came up with the concept that there was a critical throat radius in tight oil reservoirs. Due to the effect of the critical radius (r c ), the features of the stress sensitivity measured by gas and liquid are different.
Because the liquid permeability stress sensitivity experiments are single phase flow, the capillary pressure is neglected. By modifying the expression of gas permeability reduction (9), the liquid permeability reduction is obtained (10). Compared to gas permeability reduction, liquid permeability reduction takes boundary layer and critical throat into account. (10) where r c is the critical throat radius, μm; h i is the boundary layer thickness in the throat whose radius is r i , μm; r i ' is the throat radius when acted by effective stress whose radius is r i , μm; r c ' is the throat radius which is becoming to be r c when acted by effective stress, μm; and h i ' is the boundary layer thickness in the throat whose radius is r i ', μm;
From (10), it is known that the permeability reduction consists of two parts. The first item of the (10) is permeability contributed by throats whose radius ranges from r c to r c '. When acted by the effective stress, the permeability of these throats loss completely. The second item of (10) is the permeability contributed by throats whose radius is larger than r c . When permeability is high, the permeability contribution of throats whose radius ranges from r c to r c ' is tiny. Therefore, the effect of the first item can be neglected. That is the reason that from No. 4 to No. 5 the permeability reduction increases. As permeability decreases, the effect of the second item decreases and that of the first item increases. The peak of the throat distribution moves from the right side of the critical throat radius to the left side. In this case, the first item affects liquid permeability reduction significantly. As permeability decreases, the proportion of throats whose radius ranges from r c to r c ' decreases rapidly. As a result, from No. 5 to No. 7, the liquid permeability reduction decreases.
The plastic strain of larger throats is more serious than that of tinier throats. Therefore, as the effective stress FIGURE 4. Distribution of throat contribution to permeability FIGURE 5. Liquid-measured stress sensitivity experimental results decreases, the elastic recovery mostly happens in tinier throats. However, the radius of tinier throats is smaller than r c and the elastic recovery has no contribution to liquid permeability. As a result, the liquid permeability does not recover. When the permeability is high, the range of the throats distribution is wide. The elastic recovery appears in the throats whose radius is larger than r c . Therefore, the liquid permeability recovers when permeability is high. In conclusion, as the permeability decreases, the liquid permeability recovery increases first and then decreases to 0.
COMPARISON OF STRESS SENSITIVITY MEASURED
BY GAS AND LIQUID Figure 6 compares the results of permeability stress sensitivity measured by gas and liquid. The cores in the gas permeability stress sensitivity experiments have the approximate permeability with the cores in the liquid permeability stress sensitivity experiments. From Figure 6 , it is found that the reduction and recovery of gas permeability are both larger than that for liquid permeability. Moreover, as permeability decreases, the differences increase. Due to the effect of r c , the tinier throats have no contribution to liquid permeability. However, their relative strain and elastic recovery are both larger. It is the reason that the reduction and recovery of gas permeability are larger than that of liquid permeability. As permeability decreases and the range of the throat distribution shrinks, the proportion of throats whose radius is smaller than r c becomes larger. Therefore, the differences between gas and liquid permeability stress sensitivity become larger.
CONCLUSION
The permeability reduction and recovery of gas permeability stress sensitivity increases as the permeability decreases. The maximal throat radius affects gas permeability reduction and recovery most. The permeability reduction in liquid permeability stress sensitivity increases at first and then decreases as the permeability decreases. The liquid permeability recovery decreases to zero as the permeability decreases. The critical throat radius affects gas permeability reduction and recovery most. As the permeability decreases, the differences between gas and liquid permeability stress sensitivity become bigger. The critical throat radius affects the differences of permeability reduction and recovery between gas and liquid most.
